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FOREWORD

This report was prepared by Thomas S. Shevlin and Charles
A. Hauck cf the Ohio State University Research Foundation,
Columbus, Chio, under the reneral supervision of J.C. Zverhart,
Supervisor of Cera~ic "‘esearch., Tnic revort summurizes work
on this contract during the period 1 i.arc® 1953 to 1 iarch 1954
in which time studies were conducted on alumina-bace cermets.
This work is to ve continued and further reports will be issued
as warranted by the vrosress,

This work wss accomrlished under Zontrsct if 33(616;-106G.
It was adainistered under the direction of the Aeronautical
Research Laborator,; with NMurrer A. Schwartz as vroject engineer,
and is identified under '’ask iio. 70634, "Ceru.ic and Cer:ret
nesesrch".
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ABSTRACT

Preparation, test procedure, and physical properties of
a cermet coxrosed of 347 Alp03 - 667 (80Cr-20Mo), in addition
to nodified compositions, are"described. Properties evaluated
include firine shrinkage,density, modulus of rupture, tensile
strength, stress-rurture, modulus of elasticity, oxidation
resistance, thermal shock rasistance, and hardness, X-ray
studies were conducted to deter:iine so0lid solution effects.
The 8ermet studied had a 1000-hour stress-rupture life at
1800°F of 19,000 psi, neglicible oxidation to 2000°F and ex-
cellent thermal shock resistance at 1G00°F. This material
is beling evaluated for nozzle vane and flame holder arplicae-

tions.

PURLICATICN "LVIEW
This report has been reviewed and is approved.

FOR TH® COLL.ANDER:

8lie ¥, 7

>lonel, USAF

Chief, Aeronsutical Research
Laboratory

Directorate of Research
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INTRODUCTICN

The development, properties, and rel:-ted investigations
pertaining to a cermet contalning 34.4% sluciina and 65.6%
80Cr-20.ilo alloy wefe undertaken because previously developed
Al,03 - Cr cerme%s— containing aprroximately equal volumes
of Asz3 and Cr displayed a certain marginal thermal shock
deficiency. Thermal shock resistance was considered capable
of improvement by replacing the Cr with an alloy of Cr and
No. The 80Cr-20Mo uvlloy was selected because Cr and .0 form
a solid solution alloyz, because of certain theoretically
predictable features ascribed to such an salloy, and becaus
both early laboratory experiments and published literature
indicated potentially satisfactory oxidation resistance prop

erties.

Using Cr as the basis of comparison it is logical theo-
retically to predict a lower thermal expansion in a Cr-%o
so0lid solution. This means that the alloy could be expected
to produce a better thermal expansion match between the Al1,0
and the metal phase than that which exists in Cr-Al503 cerme
bodies, because the thermal expansion of Cr is sligﬁtiy high-:r
than that of Al,03 and the addition of relatively low expand-
ing Mo to Cr forming a solid solution should lower the thermal
expansion of the metal phase. The alloy 80Cr-20!o was selected
because it was thought that this alloy migzht be reasonably
close to Alp03 in thermal expansion. The minimizing of thermal
stresses by e?fecting a thermal expansion metch between phases
was considered capable of raising the thermal shock resistance.

Agein using Cr as the basie for comperison, addition of
Mo in a solid solution allos shculé aount to increasing the
strensth of the metal phase in the !enverature range 1800°F to
22009F, because alloys are generally stronser than pure metals
where there are no eutectics, and because a high hot-strensth
contribution would be expected from hirh-melting o not with-
standing the fact that Mo additions to Cr produce a depression
of the liquidus at teuperatures approximately 1000°F above the
anticipated use temperature of the alloy as the cermet metal
phase. An improved high temperature strength was thus pre-
dicted, and a consequent improvement in thermal shock resis-
tance was forecast.

Thermal conductivity should be hicher for Cr-lo alloys
than for Cr, because Lo has a higher thermal conductivity
than Cr and in substitutional so0lid solution glloys the rule
of mixtures applies guite well. Thermal shock resistance
should be improved as a result of this fact.

WADC TR 54-173 Fart 1 1




It was postulated that a wet'ing reaction between Alz03
and a Cr-i:o alloy could oyrerate in much the same way as be-
tween Al,03 and Cr, throuch preferential oxidation of the Cr
in the alloy. The basic hypothesis which has been advanced
is that Cr can be bonded to Al,03 if a limited amount of
2r03 is formcd on the surface of the Cr {particle) followed
by the sclid solution of this Cry03 in Al203.h.5 It has been
shown that such a mechanism involving the vreferentiasl oxida-
tion of Cr in stainlcss steel followed by the solution of the

Cr203 product in 4ly03 can operste.

An oxidstion test at 1800°F of a single 95Cr-5Yoc alloy
was made in 1949 to obtain a preliminary insieht into the oxi-
dation resistance of Cr-MNo alloys. It showed that at least
aoderate contents of Lo in Cr-'o solid sc'utions could be toler-
ated with respect to oxidatlion properties. Later review of the
work of Parke and Bens? covering alloys containing €0% Cr, 259
Mo, and 15% Fe revealed that such a2lloyr could be stress-rupture
tested in air a* 1le¢O0OF without notable arpearance of trouble-
sone oxid:ution. It was tentatively inferred that an 80Cr-20'o
alloy conteining apnroximately 50 volume percent of A1203 as a
diluent should catisfsctorily resist oxidation, and this was

later seen to be the case.

Certain exprloratory investigations were conducted in an
attempt to discover hov modification of the Al,04 phase would
affect the cermet prorerties. Tor this purr»oce calcined alu-
minun hydrate was used to obtain an extremely fine A1203 for
incorporation in the body. Iinor additicns of Zr0Oo end T102
were made in an attempt to alter Tavorably the wettin:' hetveen

metal and oxide phases.

The rroperties of the body comrosed of 34.4% 5120 nlus
65.6% 80Cr-2020 and designated a-3/5.0-0 are given iA %able
I. As a result of the development and testin~ leadinge to
these data, it can be sald thot 4l h teiverature strengsth,
sustained load-cearryine abilitv, and oxidation resistance zre
sufficiently "ish to justify coasideration for =~zs turbine
use. adequacy of impsct resist=wnce lg qgiestionable in present
design confi~urations. The effccts of the composition modi-
fications mentioned ubove are nzt conslusive at the present

time,

recent data ohtained by the Hefrzctories Section, wvation:l
Burezu of OStandards on a Cr-..1,03 body previously describedl
and prep-red in our laboratories indic:otes usability of the
com~orition for flame hclders.
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Table I

Physical Froperties of A-355.6-G

o

Firing shrinkago: 14%
Density: 5.83-5.90

Porosity: None detectable microscopically or by water boiling

Breaking strength: Temp., °F Mod. of Tensile,
Rup., psi psi
75 87,640 53,000
1600 —_— 40,350
1800 58,000 28,500
2000 45,500 25,000
2200 45,500 18,600 min.
2400 38,750 9,415
Stress rupture
1000 hour life: Temp., °F Tensile Stress, psi
1800 19,000
2000 4,000

Modulus of elasticity: 45x10~

Oxidation resistance: Excellent: ©0.001 to 0.002 inch pene-
tration in 1000 hrs at 2000°F, No low
temperature oxidation.

Thermal shock resistance: Excellent. Withstands 1000 cycles
of simulated burner blow-out from
19000r in standard WADC test.

Thermal expansion: Temperature range, Coefficient
OoF l/OF
75- 500 3.05
75-1000 L.68
75-1500 L.56
75-2000 5.33
75-2400 5.93

WADC TR 54-173 Part 1 3
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II MATERIALS

The following materials were used in the preparation of
compositions covered in this report.

Alumina: Corundum form, 0.05% maximum soda, Alcoa Grade
T-61, milled to minus 25 microns acid leached and furnlished
by the Champion Spark Flug Company.

Chromium: Eleetrolytic, 99% minimum chromium content,
minus 325 mesh, furnished by Charles Hardy, Inc. or Electro-
metallurgical Division, Union Carbide and Carbon Corporation.

Molybdenum: Hydrogen reduced, 99.75 minimum molybdenum
content, minus 200 mesh, furnished by Charles Hardy, Inc.

Aluminum Hydrate: Alcoa grade C-730, 24.7% combined
water, minus 0.8 micron, 99% + pure, furnished by Aluminum
Company of Americs,

Ti0,: Heavy grade, 200 mesh, furnished by Titanium
Alloy Wenufacturing Division of the National Lead Company.

Z2r05: Electrically fused, 200 mesh unstabilized,
furnished by Titanium Alloys Manufacturing Division of the
National Lead Company.

Where a binder-lubricant was required in forming
operations Carbowax "4000," furnished by the Carbide and
“Yarbon Chemicals Company, Divisicn of Union Carbide and
Carbon Corporation was used.

WADC TR 54-173 Part 1 L




III COMPOSITIONS
The compositions involved in the work undser this con-
tract are given in Table II below. The composition A-355.6=-G
received the most attention, and this report is primarily
concerned with this composition.
Table II

Batch Compositions

Designation Component Weight % Volume %
A-355,6-G T-61 Alumina 3.4 50

80Cr-20Mo* 65.6 59
AT-355,5-G T-61 Alumina 34.0 50

Ti0, 1.0

80Cr-20Mo* 65.0 50
AZ-355,6-G T-A1 Alumina 34.0 50

Zr0, 1.0

80CT-20Mo* 65.0 50
AC=-355,6-G Calcined Alu-

minum hydrate 34.4 50

80Cr-20No 65.6 50
A-373-G Calcined alu-~

minum hydrate 17 28

80Cr-20Mo 83 72
AC-381-G Calcined alu-

minum hydrate 9 16

80Cr-20Mo 91 8L
AC-385-G Calcined alu-

minum hydrzte 5 9

80Cr-20NMo 95 91
390-G 80Cr-20i0 100 100
A=16.14-G T-61 Alumina 28.6 41.9

Cr 1.4 58.1

*A diffusion alloy of 80% Cr and 20% Mo by weight.
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IV FPREPARATION OF BATCH

Batch preparation consists of an alloy or aluminum-
hydrate preparation step and a milling and granuleting
step for the compositions which contain the alloy or the
calcined hydrate. A-16.14-G, of course, does not require

any preparation of ingredients, since the metal phase 1s
Cr powder used as received, and the alumina is T-61 grade

used as received.

In preparing the 80Cr-20Mo alloy, 80% by weight of
Cr powder is mixed with 20% by weight of Mo powder in a
gless contaliner and agitated by hand for approximetely 15
minutes., This mixture is placed in an alumina boat and
fired to 3150° in a hydrogen atmosphere to be described
below under FIRING. This temperature is somewhat higher
than the temperature necessary for complete alloying by
diffusicn as indicated by x-ray analysis, but was employed
because 3150° was indicated as the maturing temperature
to be used for A-355.6-G in later studies, and it was
considered desireble to form the alloy at a temperature
as high as or higher than that of anticipated future heat
treatment. The alloyed powder cake was brcksn into 4-mesh
chunks in a steel mortar. These chunks were passed through
a TYPE SH Mikro-Pluverizer which reduces coarse crystal-

line alloy to a fine powder, practically all of which will
pass 200 mesh. The powder is incorporated into batches in

this condition.

Calcined aluminum hydrate is prepared for those
batches in which it is utilized, by firing to 2500°F and
holding for 1 hour. A brief study was conducted to select
a calcination temperature that would yield alpha Al,04
in fine crystalline form. It was learned that heating
for one hour at 2200°F produced kappe Al,03 plus a small
amount of alpha Al;03. Since there were no theta Al304
lines in the x-ray pattern of the 2200°F product, and
Theta Al,03 is a transition phase between kappa A1203
and alphe Al,0, it was concluded that the kappa-theta
transition is slow and the theta-alpha transition is
fast at this temperature. Although it appeared that a
longer time could yield 100% alumina, a higher temperature
for calcination seemed preferable. Calcination at 25000F
for one hour produced only alpha Al,03 as shown by the

WADC TR 54-173 Part 1 6




x-ray pattern and microscopic examination showed crystals
of the calcine to be all finer than 5 microns end most
finer than 2 microns. Therefore, Alcoa C-730 calcined one
hour at 2500°F as measured by thermocouples and pyrometric
cones (cone 14 down) was used in those compositions of the
"AC" series.

All compositions were mixed and grouna together by
placing welghed amounts of the batch ingredients totalling
approximately 500 gm 1n one-quart capacity steel bass mills
with approximately 12 pounds of tungsten carbide slugs of
assorted sizes (less than 1 inch maximum dimension) as
the grinding medium and 150cc of methyl alcohol as the
liquid vehicle. After mlilling, the batches were air dried
and granulated through a 65-mesh screen to produce a
powder sultable for direct hydrostatic pressing. For
forming bars involving steel die pressing it was necessary
to use a temporary binder-lubricant to provide handling
strength in the pressed condition. Carbowax ",L000" was
melted in a mortar and hot mixed into the body for this
purpose, using an amount equal to 9% of the weight of dry
batch., After hot mixing the wax into the body the bateh
was granulated through a 65-mesh screen preparatory to
pressing.

V FORMING

a. Specimen Types

Four specimen types were used in the investigations
covered by this report.

(L) Bars 4.5 inches long by 0.5 inch wide by 0.15
inch thick.

(2) Turbine nozzle diaphragm blades having an air-
foil cross section with a 2.5 inch chord and a

length perpendicular to the plane of the ailr-
foil section equaling 3.9 inches.

WADC TR 54-173 Part 1 7




(3) Tensile test rods 9.5 inches long by 0.375
inch diameter gradually necked to a minimum
diameter of 0.250 inch in the centreal 1.5

inches of the length.

(4) Flame holders of hollow design and roughly
trianguler cross-section having a 3-inch
length, a 1.15-inch height and a l-inch base,
The wall thickness, or distance from exterior
surface to interior cavity, is approximately
0.1 inch. See Figure 1.

b. Forming Operations

Bar Specimens: Bar specimens were formed by press-
ing 65 mesh waxed batch material in a strip-case steel
die having an opening 4.5 inches long by 0.5 inch wide.
The die was charged and struck off, the thickness being
controlled by the volume of the charge. After an initial
low pressure application of approximately 1000 psi, die
supports were removed, allowing the case to float and
both punches to close on the charge from above and below.
Pressures of approximately 10,000 psi were then employed,
determined as the highest ucable pressure which would
provide handling strength without pressure cracking.

After this initial forming/tho bars, placed
in rubber envelopes and evacuated to approximately 1
mm of mercury, were repressed hydrostatically to 35,000
psi. This method produces a densely compacted green
specimen free of pressure cracks.

Nozzle Diaphragm Blasaes: Both sclid and hollow
nozzle diaphragm blades were formed by hydrostatically
pressing milled batch materials without using temporary
binders or lubricants, 1In forming the solid blades,
powder was charged into a thin-walled oversize rubber
bag having the general shape of an airfoil, which was
retained in a light-gage oversize metal can of roughly
the same shape &s an oversize finished blade. This
assembly full of powder was vibrated, and as the powder
compacted more was added.

WADC TR 54-173 Part 1 8




After the assembly was full the rubber bag was
closed with a rubber stovver and partially evacuated
through & hypodermic needle inserted through the stopper.
Evacuation trings about a slight compression of the pow-
der end a certain rigidity of the powder and its rubber
container as a unit. This permits the removal of the
charged bag from the metal container. The evacusted as-
sembly is then hydrostatically pressed at 35,000 psi to
produce a binder free blank which can be shaped accurately
with a sanding druml.

Initial attempts to form hollow nozzle diaphragm
blades involved the use of a core. This wes found to be
unsatisfactory either because soft deformable materials
such as paraffin or Wood's metal were too compressible
and burst the surrounding compacted powder upon the re-
lease of hydrostatic pressure, or because hara steel,
highly incompressible cores were bent when surrounded by
an asymmetrical pcwder charge with non-ideal pressure
distribution through the powder mass. A workable method
was developed which consists of allowing the pressing
fluid access to the core volume, This was accomyplished
by locating properly in the powder mass a Wood's metal
core covered with a rubber envelope. After vitrating
the powder into place, the lip of the outer rubber bag
was sealed to the lip of the inner rubber envelope en-
casing the Wood's uwetal, by rolling the two together.

In order to provide a massive piece of rubber through
which to evacuate this assembly by means of a hypodermic
needle, the outer bag was stretched over & small rubber
stopper located inside the bag near the top and sealed

in place by wrapvning the protruding surface with a rubber
band from the outside. After evacuation the Wood's metal
was melted and drained by placing the assembly in hot
water, Hydrostatic pressing and finishing followed as
with the solid blades.

Tensile Specimens: Rod specimens were formed by direct
hydrostatic pressing of granulatea batch material. A
thin-welled rubber tube held within an outer perforated
brass tube was filled with powder while the assembly was
vibrated. One end of the tube was closed with a c¢ylindrical
movable rubber stopper before filling, the other was
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closed with a shouldered rubber stopwer after filling. The
charge was evacuated with a hypoaermic needle inserted through
the shouldered stopper after fillins; then the hole made by

the needle was covered with grease and the assembly was sub-
jected to a pressure of 35,000 psi. In this way rod speclmens
could be foruned with good green strength and no temporary binder.

Rods consisting of A-355.6-G in the center section,
and 70A1503-30Cr in the end sections were made in much the same
way. This was done in the early stages of the investigation to
conserve 80Cr-20Mo alloy used in A-3%5.6-G bodies. In charging,
the tube was filled with the different compositions, Between
the ends and the center section two mixtures of intermediate
metal and Al1203 content were used to form a graded join extending
for a length of apgroximately 0.5 inch A similar procedure has
been described in detail for A-16.14-Gl.

Flame Holders: A suitable method for forming hollow flame
holders was found to consist of charging milled and granulated
batch material around a centrallg located and rather massive
hardened steel core contained within a plastisol casing. Material
1ls charged under vibration. After filling, the entire assembly
is placed in a rubber bag, evacuated, and hydrostatically pressed
at 35,000 psi. The core is easily wlithdrawn after pressing, The

lastisol casing, steel core, green flame holder, and fired
lame holder are shown in Figure 1.

After pressing, the ends of the flame holder are
squared before templates are placed over the ends and positioned
by means of shoulders which just fit into the opening formed
b{ the core. The surface is formed to the contour of the tem-
plates by removing stocik on a sanding belt. The templates are
oversize to allow for a shrinkage of approximately 18% which was
observed experimentally on early spec’'mens formed in this way.
This is slightly greater than the fir 1g shrinkage observed
after other hydrostatlc press-formirg operations which do not
empl oy a core or a relatively thick outer casing. It 1is
thought that these two features =re r=sponsible for a lower
pressed density and a resulting high firing shrinkage.

VI FIRING

a. Furnaces

All specimen types were fired in furnaces consisting of a
molybdenun~-wound alumina tube aporopriately insulated and contained
within a gastight _steel case. Bar specimens were fired in the
2-inch ID furnace®. Blades and flame holders were fired in the
6-inch ID furnace9. Rod specimens heve been prefired in either
ru;nace, as described below, but were fired to maturlty in the
2-inch ID furnace only. During the course of investigations under
this contract it was necessary to rebuild both furnaces, and in so
doing the tightness of their cases was improved and provision was
made for measuring the purity of the entering and exhaust gases
used as the atmosphere during firing.

b. Atmosphere
The atmosphere employed in the firing of all specimens
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was hydrogen purified by passing over copper turnings at 10000F,
through a tover of activated alumina, and over calcium chips

at 600°F, Titanium hydride was used as a getter within the
rfiring chambers of the furnaces to improve further the quality
of the atmosphere.

The dew point of H, entering the furnaces has been ob-
served to be consistently lower than 90°F., The dew point of
exhaust gas has besn measured and used as the dew point within
the firing space, in an attempt to discern the probable oxida-
tion reduction reactions involving Cr and its oxides. Dew
points of the Hz atmosphere within the furnaces, sampled at
the furnace outlets throughout various firing cycles of both
furnaces, are shown in Figure 2. Also shown are certain oxi-
dation-reduigion curves for chromium oxides, based on data of
C. G. Maier+V,.

Consider first the curves based upon measured dew points.
The upper curve (1) of this type is for the large molybdenum-
wound resistor furnace. This curve shows the H20/H2 ratio in-
crease during the soaking period, caused by reduction of Cr203,
Cr0 or furnace refractories. The curve (2) nearly superimposéd
on this curve 1is for the small molybdenum-wound furnace based
on determinations made soon after it was rebuilt., The inter-
mediate curve (3) applies to the large molybdenum furnace, and
merely indlcates the spread on different runs. The lower curve
(4) is based on later data obtained in connection with the small
molybdenum-wound resistor furnace, and its relative position
shows the atmosphere improvement with repeated firing. Dew
points for the furnace atmospheres are shown extrapolated back
to 1500°F, The extrapolation is supported in a general way by
dew points measured in this temperature range, but wit» the
exact temperature unknown. Optical pyrometer temperature
measurements were not made in this low temperature range, but
temperatures were estimated visually.

For the reduction reactions Cr,04 + 3H, = 2Cr + 3H,0,
Cr % + Hg# 2Cr0 ¢+ H20, mnd Cr0 + ﬁ;.—# Cr + Hy0, the I-CIJ or
Hza 2 ratlos as ¢ function of temperature from !zier’'s“data
were converted to dew points and plotted with the atmosphere
dew point curves in Figure 2.

Considering Cr alone as the metal phase, the interpreta-
tion placed upon the information shown in Figure 2 1is that in
the low temperature portion of the firing cycle Cr is oxidi-
zing to Cr0 and Cr,0,. The relative amounts of the two oxides
formed is unpredictagle, being entirely dependent unon the
relative rates of formation and entirely independent of equi-
librie considerations npon which the curves in Figure 2 are
based. These curves indicate that the Cr0 which is formed
cannot be oxidized further to Cr,05 at any time during the
firing cycle. Therefore, it must ge reduced once again to
Cr at the higher firing temperatures. The Cr,03 which is
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formed at low temperatures also can be reduced back to Cr at
the higher temperature. It is known that this oxide, Cr203,
forms & complete series of solid solutions with AlgO?, and
that this so0lid solution takes place during firing of chro-
mium alumina cermets.

While somewhat speculative at the present time, it is
believed that similar reactions teke place with Cr-Mo alloys,
but that they involve Cr preferentially. It is known de-
finitely that Cry03 - Al;03 solid solutions are formed, and
it 1s also known tgat hygrogen atmospheres of the purity
determined are reducing with respect to all molybdenum oxides.
Thus, in summary, it appears that Cr is oxidized to Cr0 and f
Cr,03 at low temperatures, that Crp04 is both reduced and i
dissdlved at higher temperatures, and that CrO is only reduced
at higher temperatures not being further oxidized to Cr,0, and
thereafrter dissolved in alumina, This leaves the possiglg
roles of Cr0 in wetting and bonding unexplained, but does not
preclude the operation of previously postulated concepts of
the role of Cr303 in promoting bonding between Cr and Al30j.

c. Temperature

The ogtimum firing temperature for A-355.6-G was found
to be 3150°F as indicated by porosity and modulus of rupture
measurements at 750F shown as a function of firing tempera-
ture in Figure 3. As previously reportedl, the optimum firing
temnerature for A-16.14-G has been determined as 30500F to
3100°F. Less conclusive study indicates that the probable
optimum maturin% temperature for "AC" series specimens is
30000F to 30500F, For AT-355.6-G and AZ-355.6-G the maturing
temperature of 3050°F was used, but was not determined to be
the most sultable.

d. Preliminary Soft Sintering

Preliminary soft sintering followcd by machine grinding
was used as a technique to reduce the amount of difficult
stock removal in the rod grinding operation following firing

to maturity. A temperature of 22000F was employed in this
sintering operation.

VII PROPERTY EVALUATIONS
a. Firing Shrinkage
Linear firing shrinkage is determined as the ratio of

the change in length on firing, to the unfired length. A
velue of 14% has been obtained for bar specimens of A-355.6-G.

WADC TR 54-173 Part 1 12




UV L

T

A-16.14-G displays a firing shrinkage of approximately 15% as
previously reportedl. Shrinkages of 15 to 16% were observed
in AT-355.6-G and 4Z-355.6-G. The firing shrinkeges for the
n"AC" series specimens is 15 to 16%, and the overlap in values
indicates that the differences in shrinksge for different com-
positions 1is not significant.

b. Density

The density calculated for A-355.6-G on the basis of the
theoretical density of the solid solution alloy (7.65 /cc
based on x-ray measurements) and that of alumina (4gm/cc based
on X-ray data) is 5.83 em/cc. The density measured on two
early specimenc was 5.82 gm/cc, and in spot checks many later
specimens show approximately this value of density.

The_density ol A-16.14-G is 5.85 gm/cc as previously
reporteddi.,

The density of AT-355.6-G and AZ-355.6-G i3 assumed to
be the same as that of A-355.6-G, namely 5.83gm/cc.

The calculated densities of "AC" series specimens based
upon proportions of metal and alloy are given in Table III
below.
Table III1

Density of "AC™ Series Swnecimens

Designation Density, gm/cc
AC-35506-G 5083
AC~373-G 6.62
AC-351-G 7.07
AC-385-G 7.32

¢. Modulus of Rupture

Modulus of rupture values as a function of test
temperature were determined using bar specilmens and a span
to depth ratio of approximately 15 to 1. These are given
in Table IV below.
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Table IV
Modulus of Rupture of A-355.6-G

at Various Temperatures

Specimen tempggggure, Modulus of
number o rupture, psi
194 75 91,900
195 86,120
196 80,020
197 97,470
198 82,710
Average 87,640
70 1800 58,000
80 58,000
90 58,000
93 58,000
Average 58,000
79 2000 47,000
81 45,000
86 46,000
87 L4 ,000
Average 45,500
Th 2200 43,000
75 45,000
7€ 53,000
82 41,000
Average 45,500
83 24,00 53,000
84, 40,000
as 31,000
89 31,000
Average 38,750

A curve showing modulus of rupture versus test temper-

ature is given in Figure 4.

It may be noted that the value

at 75°F is considerable higher than the 58,000 psi maximum
obtained in determining the optimum firing temperature early

in the investigation.

At present the only interpretation

placed upon this change is that the higher strength reflects
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a highsr degree of development in the technical art of
processing the specimens.

Modulus of rupture data for AT-355.6-G and AZ-355.6-G
bar specimens result from bdbrief experimentation directed
toward learning whether small additions of Ti0, or Zr0p
to the basic A-355.6-G composition could increase the wet-
ting and bonding between the Cr-Mo alloy and alumina to
a degree which would be reflected in strength tests. Those
specimens for which data are given were fired to 30500F
rather than 3150°F, which is considered optimum for A-355.6-G.
Strong evidence of overfiring was apparent when the "AT" or
"AZ" specimens were fired at the higher temperature. [
The strength values obtained are given below in Table V, ‘
with similar values for control specimens of A-355.6-G.

Table V
Modulus of Rupture

AT-355.6-G and AZ-355.6-G

Specimen Modulus of

Designation number rupture, psi
A-355.6-G 193 81,500

" 199 66,300
AT-355.6-G 12 69,500

L 13 67,600
AZ-355.6 14 72,600

" 15 66,800

No strong tendency is shown by these limited data, and the
question of the effect of the additions 1s considered
unanswered.

In Tables VI and VII the variation of modulus of rup-
ture at 75°F and at 2000°F is shown as related to maturing
zgmperature and metal content of the "AC™ series composi-

ons.
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Modulus of Rupture in psi at 75° for AC Series Specimens

Table VI

Composition Firing temperature, °F
designation 2950 3000 3050 3100
AC-355.6-G 39,500 = 54,800 51,50C
40,300 - 53,500 51,800
AC-373-G 60, 300 69,500 36,100 32,000
75,800 61,900 65,900 27,200
66,700
62,300
AC-381-G 77,900 74,300 71,500 42,900
72,700 70,900 63,800 77,300
75,600
AC-385-G 19,700 77,600 63,700 37,300
62,700 66,300 60,000 70,100
51,800 68,400
390-G (pure 47,600 64,900
80Cr-20No0) 70,800 60,800
Table VII

Modulus of Rupture in psi at 2000°F for
"AC" Series Specimens

Composition Firing temperature, °F
designation
AC-355.6-G 31,900 - 36,000 38,000
AC-373-G 53,000 63,100 67,100 72,300
55,700 56,000 66,700 78,500
63,200
59,700
AC--381-G 88,200 63,800 95,400 96,900
82,000 98,900 92,000 99,200
97,200
AC-385-G 90,800 83,600 88,500 100,000
96,000 87,800 90,400 88,500
87,400
390-G (pure 98,800 105,800
80Cr-20Mo) 95,600 105,500
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From the data in Table VI the proper firing temperature
appears to be between 3000°F and 3050°F for all compositions.
The temperature, 2950°F, is judged to be too low on the basis
of considering composition trend Jjointly with maturing-temper-
ature trend, but the data do not permit a strong conclusion.

The data in Table VII indicate that the higher firing
temperatures up to 3100°F favor the 2000°F vending strength.
Considerable deformation precedes failure in all cases, and
the specimens having the higher metal contents and greater
deformability at 20000F appear to be stronger, but this
apparent nigh strength associated with high metal content 1is
believed to be a function of loading rate and deformability
and not a true indication of strength or load carrying abil-
ity.

d. Tensile Strength

The tensile strength of A-355.6-G composition is given
in Table VIII below and in Figure 5, Tensile strength data
were not determined for other compositions except as previously

reported for A-16.14-GL.
Table VIII
Tensile Strength at Various Temperatures

Composition A-355.6-G

Specimen Temperatuge Tensile
No. of test, F strength, psi
32 75 53,280
33 75 52,900
35 1600 Lo, 350
31 1800 28,500
29 2000 25,000
23 2200 18,600
2L 2200 31,550
37 2400 9,415

e. Tensile Stress Rupture

Tensile stress rupture properties for the composition
A-355.6-G were determined st 1800°F and 2000°F. The results
are given in Table 9 below and Figure 6.
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Table IX
Tensile Stress Rupture Data

Composition A-355.6-G

Specimen No. Stress at 1800°F, psi Time to falilure, hrs.

1l 18,000 942
2 15,000 1307-no failure
2 reloaded 20,000 872
9 22,000 22
15 25,000 11.6
Specimen No. Stress at 2000°F, psi Time tc failure, hrs.
11 16,000 1.5
14 15,000 1.9
16 10,000 17.1
19 8,000 31.7
22 7,000 95.9

. Modulus of Elasticity

The modulus of elasticity was determined using bar speci-
mens of composition A-355.6-G loaded transversely. The bars
were supported on a 3-inch span and lcaded at the center. The
outer fiber stress was calculated from the arplied load, and
the outer fiber extension was measured by means of Baldwin
Locomotive Wecrks SR-4 type A-7 electric strain gages having an
0.25-inch gage length. Completely straight-line stress-strain
curves resulted from loading to outer-fiber stresses between
10,000 and 50,000 psi. As a result of three determinations
using two specimens and loasding at 10,000 psi intervals from
0 to 50,080 psi for each,determination, the values L6.8 x 106,
43.6 x 10° and 44.9 x 10° psi were determined for the modulus
of elasticity. It is recognized that these values may be as
much as 4% too high because strain was measured over a length
and stress was calculated for a point directly beneath the
applied load. It was not considered worth while to correct
for this effect, since it amounts to less than the difference
between specimens and approaches the difference in value for
the same specimen in different determinations.

g. Oxidation Resistance
The oxidation behavior of A-355.6-G was determined at

2000°F in the air atmosphere of an electrically heated labor-
atory furnace. There was no provision for forced air circu-
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lation, but vertical door openings and small apertures in
the furnace vrovide a certain stack action and preclude a
completely sta-nant atmosphere of depleted oxygen content.
Results are reported in Table X below in terms of weight
gain in grams per square centimeter of surface area for two
cylindrical rod specimens.

Table X
Oxidetion at 20000F
Composition A-355.6-G

Wt. gain, gm/cm?

Elapsed Time, hrs. Specimen No. 1 Specimen No. 2 '

26 0.00248 0.00274

49 0.00254 0.00283

97 0.00245 0.00279

122 0.00222 0.00276

411 0.00205 0.00260

651 0.00182 0.00251

1011 0.00152 0.00218

These data are shown graphically in Figure 7.

h. Impact Resistance.

No standard impact tests of compositions covered by this
report were made. However, it can be stated that bar speci-
mens of composition A-355.6-G can be broken by dropping from
a height of approximately four feet onto a concrete floor.

In order for fracture to oc-ur, the bar must land perfectly
flat on its largest face (0.4 inch x 4 inches). Specimens of
higher metal content in the "AC" series are somewhat more re-
sistant to impact, but can be broken by throwing onto a2 con-
crete floor so that they strike flat against it.

i. Thermal Shock

Thermal shock data were obtained at the Tower Plant
Laboratory, WADC, by means of a test procedure which simulates
the conaitions of burner blow-out in a jet engine onerating
at altitude and employs nozzle diaphragm blades as test speci-
mens. Thermal shock testing of flame holders was conducted
at the National Bureau of Standards by a procedure which con-
sists of cycling the specimens between a burning exhaust stream
from a jet engine and a high-velocity air stream. In the test,
which was conducted by The Power Flant Laboratory, WADC, a
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single cycle involves heating to test tam{eratqre (1800°F or
19380F , holding =t this temperature for 1.5 minutes, and then
turning off the fuel and allowing high velocity air to continue
flowing over the test tlade for 30 seconds. Cycling 1is contin-
ued until failure by fracture or until 1000 cycles have been

completed.

In a test which was conducted on flame holder specimens at
the National Bureasu of Standards, the specimen was held between
water-cooled copper members inserted into the hollow opening of
the flame holder. It was lun%ed into the combustion streem
which had a maximum theoregica fleae temverature of 35000 and a
mass flow of 15 1bs/sq ft/sec, and held until a brightness tem-
perature (optical pyrometer measurement) of 21 00°F had been
reached. Within one second it was withdrawn and plunszed into a
1250F stream of air having the same mass flow. This treatment
will fail fused quartz, and certain other materials rated excel-
lent in thermal shock resistance, in one cycle. The cycle is
reveated thirty times unless fracture failure occurs.

Table XI below contains the results of testing certain
A-16.14-G and A-355.6-G nozzle blades.

Table XI
Thermal Shock Endurance of Nozzle
Diaphragm Blades

Composition Design WADC No. Temperature, Cycles
and 0.S.U. No. OF
Composition
12 J=47 L8 1800 320
20 " 2 W 620
2 Jd-35 Hollow 110 1500 10
3 J=35 65 1 350
" 86 " 320
. 7 80
68 W 140
7 W 111 W 510
Composition
A-355.6-G
1l J- Q
2 2’ gé 1920 1828**
I " 81 L 12Q%**
5 J-35 Hollow 112 ", 1000
6 J-35 113 b 250
7 " 114 " 1000
8 1 115 n 1000

:éirfoil cross-section.

**Ees§ stopped. Did not fail. o cracks or signs of fracture,
Highest degree of Al,03 segregation noted in over 100

metallographic examinations of A-355.6-G specimens of verious

rod, bar, and blade types. i
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The thermal-shock testing of four A-16.14-G flame-holdsr
specimens by the National Bureau of Standards as described
above resulted in all four specimens withstanding 30 cycles
without cracking or fracture. Oxidation resistance appeared
adequate. The flat back was removed from two of the flame
holders before testinz by cutting with a band saw. Four A-
355.6-G specimens have also been subiitted for test, but data
are 1ot available for reporting at this time.

J. Thermal Expansion

The thermal expansion of Cr, of 80Cr-20Mo alloy, and of
A-355.6-G, in which 80Cr-20Mo is the metal phase, are presented
for comparison in Figure 8.

The data on which the curves are based are given below
in Tables XII, XIII, and XIV.

Table XII
Thermal Expansion of A-355.€-G
Run A Run B Run C
Tsmp., Length Temp., Lenzth Temp., Length
F Change, Op Change, % OF Change, %

90 -— 90 — 80 —

220 0.027 900 0.280 305 0.050

925 0.382 1400 0.567 395 0.082

1350 0.530 1930 0.966 4,80 0.111

1840 0.864 1690 0.770 650 c.173

2110 1.053 1125 0.427 690 0.192

24,40 1.400 90 0.014 740 0.215

2200 1.209 760 0.223

2055 1.110 975 0.318

1900 0.967 1030 0.351

1690 0.828 1480 0.617

1550 0.750 1600 0.695

1460 0.659 1700 0.770

1280 0.560 1910 0.947

1070 0.471 2035 1.073

945 0.426G 2120 1.133

815 0.355 1970 0.972

640 0.299 1845 0.883

295 0.207 1685 0.762

120 0.196 1225 0.470

380 0.299

760 0.238

680 0.214

530 0.154

350 0.093

175 0.032

80 0.001
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Thermal Expansion of Cr

Table

XITI

Temp. , Length Temp., Length
°Fp Change, 8F Change, %
75 — 80 —
145 0.034 95 0.003
180 0.0L3 150 0.028
250 0.068 235 0.061
375 0.111 295 0.082
520 0.180 355 0.111
595 0.220 450 0.148
720 0.285 690 0.266
820 0.338 795 0.330
925 0.398 895 0.386
1010 O.Lik 1065 0.482
1115 0.504 1205 0.570
1280 0.610 1355 0.665
1355 0.668 1505 0.776
1440 0.737 1560 0.815
1600 0.846 1748 0.967
1725 0.933 1798 1.010
1925 1.102 1905 1.101
2035 1.227 2020 1.219
2135 1.353 1915 1.120
2285 1.547 1805 1.025
2400 1.732 1645 0.892
2245 1.501 1485 0.765
2125 1.361 1320 0.657
2025 1.250 1160 0.554
1610 0.888 1000 0.457
1535 0.852 880 0.384
1395 0.740 575 0.229
1290 0.673 L85 0.185
1135 0.577 365 0.133
980 0.481 285 0.100
740 0.358 180 0.055
385 0.184 110 0.025
245 0.127 80 0.011
80 0.040
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Table XIV
Thermal Expansion of 80Cr-20Mo

Temp., Length Temp., Length
°Fp Chagge, 8F° Chanze,
2?8 0.051 288 0.04L8
270 0.092 290 0.089
350 0.131 L40 0.159
L60 0.186 660 0.272
560 0.24L4 840 0.369
695 0.317 1010 0.458
810 0.410 1250 0.605
925 0.484 1460 0.743

1050 0.585 1630 0.862

1310 0.857 1790 0.990

1435 0.969 Test interrupted

1560 1.161

1710 1.341

1910 1.567

2040 1.648

2220 1.816

1940 1.564

1810 1.453

1670 1.349

154G 1.254

1360 1.134

1180 1.007

1020 0.917
760 0.776
610 0.66G5
4,50 0.620
350 0.578

80 0.458

All specimens display some permanent expansion which may
be real or apparent, Large apparent perzanent elongation
which is observed during the first run for a particular set-
up is believed to be caused by deformations of the wire refer-
ences used in making thermal length change measurements. Ref-
erence to Figure 9, which shows the equivment used in making
these thermal expansion measurements, will make this clear.
Weighted reference wires attached to the ends of the specimens
drop through a slot in the bottom of the furnace. Micrometer
filers in a puir of telescopes are used to measure the hori-

zontal distance between the wires to an accuracy of 0.701 mm.
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1 If the wires are not strain free at <he start of the run, but

] undergo strain release during the run, erratic results are
obtained. These always take the form of apparent permazent
elogaticn, and@ are associated with an initial set-up rather

than an initial determination on a varticuler specimen. 1In
light of these observations, the foregoing data were interpreted
as follows:

(1) The initial heating portion of a thermel expansion
! determination for a particular set up was considered
to be unreliable, but the cooling curve was con-
sidered to yiel? useful data,

(2) The heating and cooling portions of curves result-
ing from repeat runs involving a particuler speci-
men and set up were considered to be equally valid.

(3) Because specimen temperature lacs messured temper-
ature during both heatins and cooling portions of
the cycle, and since this lag ies greater at low
temperatures than at high temperatures for a siven
rate of furnace temperature change, the curve ob-
tained during furnace cooling should lie above the
curve obtained on heating, and the svread should
increase as temperature decreases. This psttern
characterized repeat runs and the ean cur-e lying
between those obtained on heating and cooling was
taken as the true curve.

By interpreting the data in accordance wlith these prin-
cirles curves (1), (2), and (3) in Figure 8 were drawn as
those best representing the data.

Curve (4), Figure 8 is for Al,0,. It results from a
study which anticipated the desiragifity of knowing the thermal
expansion of Al,04 and the effect on thermal expansion of
Al203 caused by 03203 in so0lid solution. Specimens aporoximately
20cm lon§ were prepafed containing 80% A1,0,-20% Crp04, 90%
A1,03-10% Cr,03, 95% AloQ=5% Cr,03, and %O % A120,;. “These
were sintereg at 30000F in a gas-fired furrace. TRey were
somewhat porous, and there is some doubt concerning the complete-
ness of solid solution of the two oxides. However, the ruby
color becomes progressively darker with increasing Cr,0 content,
and on the basis of ruby color intensity there is litglé doubt
that the Crp03 in solid solution is at least one third of that
in the initial mixture. The specimens containing 100% Al504,
90% Al 03-10% Cr203, and 80% A120420% Crzog were employed zn
thermal eéxpansion determinstions dp to 14709F using a silica-
tube dilatometer, Cnly the curve for the 100% Al 503 specimen
is plotted in Figure 8, because there w=s no significant dif-
ference in thermal expansion found for the different comvositions.
This is shown by the date in Table XV below.
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Table XV

Thermal Expansion of Al,03 and Al203 plus Crp03

100% A1203
emp. , eng T

90% A1203-10% Crx03

Te ggnggE

emp., Length Mmp. ,
oF Change, % Op Change, % of Change,
70 0 87 0 77 0
250 0.045 176 0.018 300 0.064
320 0.076 290 0.062 L30 0.115
392 0.095 4,28 0.118 470 0.126
4L60 0.115 530 0.157 600 0.184
510 0.149 590 0.182 680 0.212
572 0.170 690 0.217 780 0.256
626 0.191 788 0.266 895 0.310
752 0.2414 8514, 0.296 1040 0.381
932 0. 326 980 0.370 1130 0.425
1040 0.378 1054 0.387 1240 0.479
1130 0.416 1170 0.446 1290 0.501
1220 0.460 1252 0.4L89 1395 0.555
1350 0.52% 1310 0.512 1455 0.585
1436 0.564 1420 0.564 1530 0.631
1472 0.592 1450 0.583 1040 0.391
1436 0.579 1472 0.593 878 0.316
1418 0.567 79 0.005
1348 0.535
1292 0.507
1215 0.465
1154 0.437
1120 0.430
1000 0.366
878 0.311
L5 0.252
108 0.029
99 0.023

will be considered further in the

report.

k. Metallocraphy
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It 1s noteworthy that the thermal expansion of #4-355,6-G
falls below that measured for Al303 and (Al, Cr),03, and this

SCUSSION section of this

Approximately 100 metallographic examinations of various




specimens of A-355.6-G or related compositions have been made
during the course of this study in order to observe structural
properties. Of these, four are considered to be worth incor-
porating in this report to show the sound structure and phase
distribution generally present in A-355.6-G specimens and
certain departures from this structure which have been observed.

Figure 10 shows a typical good microstructure of A-355.6-G
observed in random areas of bar, rod, and blade specimens.

Figure 11 shows a segregation of the metal phase into
globules in A-355.6-G specimens which were composed of alumira
and 80Cr-20Mo alloy which had been separately milled for 50
hours by the same ball milling technique employed in the final
batch milling operation. The cause for the globuliferous
structure is not definitely known, but is assumed to be as-
sociated with additional milling impurity pickup, since the
additional milling of the alloy is the single known differsence
in processing technique. The specimens were fired together.

Figure 13 shows the most extreme condition of Al,0
segregation observed in any specimen of the A-~-355.6-G compo-
sition. It is the structure of the nozzle diaphragm blade
which failed after 120 cycles in the WADC thermal shock test
described in Part g above.

Figure 12 shows a condition of segregation in the
A-355,6-G composition, observed in rod specimens used for

.8tress-rupture testing.

l. Hardness

A single A-355.6-G specimen, Blade Number 1 of the J-35
design, was tested for hardness using a Vickers-Armstrongs
Hardness Tester. With a 20-kilogram load and a 2/3 inch ob-
Jective, an average hardness number from seven indentations
was 689, Using a 50-kilogram load and a 2/3 inch objective,

2 hardness number of 698 resulted from two indentations. This
agreement indicates the right range of test conditions. Thus
a VPN hardness of 690-700 or a Rockwell C (from Vickers-Rock-
well Table) hardness of 57-58 is taken as representative of
the gross hardness of the A-355.6-G body.

m. X-ray

X-ray techniques were used to determine the completeness
of solid solution in the formation of the 80Cr-20Mo alloy.
Early in the investigation it was learned that 3050°F produced
complete diffusion alloying. All subsequent samples from
fired specimens show complete so0lid solution as would be ex-
pected from their heat-treating history and the phase diagram?,
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X-ray studies were also employed to determine the unit
cell size of the corundum phese in the A-355.6-G cermets.
This was done because Crp03 dissolved in alpha Al1203 produces
an expansion of the unit cell, and knowledge of the amount of
expansion furnishes insight into the amount of Cr oxidized to
Cr,04 and dissolved in the Al1,0, during firing. Vegard's law
is cgnsidored applicable in t&aé the edge length of the unit
rhombohedron, ag, can be taken as indicative of the catlonic
composition of the corundum phase, and the angle alpha differs
so 1ittle between the unit rhombohedroans for Al,03 and Cr0
that changes in its value can e disregarded for gntermedia e
solid solutions. Therefore, the ratio of the difference be-
tween ap for the solid solution and &g for Al,043 to the aif-
ference between ap for Cr203 and ao for Al03 18 the fraction |
of Cr03 in the solid solution.

The a, determinations were made from patterns resulting
from the use of filtered Cr radiation. The four back reflec-
tion lines bearing the rhombohedral indices 433, 432, 207, and
311 were used in the unit cell size determination by plotting
the a, values galculated from each of these lines versus the
respective cos<0® values and extrapolating to the a5 value for
c0826=0. The a, value corresponding to cos<0=0 is used as
the true edge dgmension of the unit rhombohedron.

Following this procedure and assuming that departure from
the unit cell size of alpha A1203 is entirely due to solution
of Crp03, the following amounts of sclid solution were estimated:

Rod specimen No. Dissolved Cr,03, %
1 2.4
2 3.1
9 3.6
11 3.4
14 2.6
15 2.2
16 2.6

The fact that these values are significantly lower than those
observed for A-16.14-Gl raises the question of whether or not
Mo is also dissolved, contracting the unit cell and decreasing
the apparent Crp03 solution, and whether less Cr,03 is formed
and dissolved when the Cr source is 80Cr-20Mo alloy than when
it is pure Cr metal. For the particular specimens sampled,

the firing atmosphere condition is believed to be quite similar
to that used in firing the earlier A-16.14-G specimens, al-
though dew-point measuring equipment was not used to assure
this fact. Attempts to answer the question of Mo solid solution
and to check independently the amount of Cr,0, dissolved, by
acid leaching the metal and chemically analyzgng the corundum
residue, were unsuccessful in that it was found impossible to

remove the metal comfletely by leaching. Microscopic examination
of the residue revealed that corundum crystals as small as 10
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microns contained occluded metal particles.

VIII DISCUSSION

A certain amount of discussion has been immediately as-
sociated with description of certain procedures, tests, or
results preseanted in earlier sectlons of this report. This
was done where it was considered preferable for the sake of
clarity to explain or interpret in conjunction with the pres-
entation of factual information. In this regard & discussion
of firing atmosphere quality is included under the FIRING
section, and the interpretations of thermal expansion data
and certain X-ray and metallographic observations are included
under PROPERTY KEVALUATIONS. Further discussion will be devoted
to the composition A-355.6-G, its modifications, and the compo-
sition A-16.14-G as a flame-holder material.

Density

The measured density of A-355.6-G 1s almost exactly that
which would be predicted by regarding it as a completely dense
mechanical mixture of the two phases. Despite the Mo content,
A-355.6-G is no hizher in specific gravity than A-16,14-G, be-
cause it contains almost exactly equal volume proportions of
metal and Al,03, whereas A=16.14-3 contains somewhat more than
half pure Cr metal by volume. In the prior development of
A-16.14-G this Cr content was found necessary to provide adequate
thernal shock resistance. An imnroved thermal shcck resistance
has been obtained in A-355.0-G with a lower volume content of
a heavier alloy. The differences in specific gravity and volume
proportions of metal were such that no concession in the direc-
tion of higher specific gravity was necessary in improving
thermal shock resistance.

Mechanical Properties
The strengsth properties of A-355.6-G are good in all

types of evaluation - modulus of runture, tenslle tests, and
stress-rupture tests - ur to 1800°F. At 2000°F the stress
sustaining ability appears to fall rapidly as shown by the
extrapolated 1000-hour life of 4000 psi. At 1800°F the 1000-
hour life is 19,000 psi from Figure 6. This value is well
establ isned experimentally bv actual specimen failures follow-
ing 800 to 1000 hours of test. The curve showing tensile
strength as a function of temperature in Filgure 5 does not
indicate a sharp decrease in strength over the temperature
interval between 1800°F and 2000°F. Therefore, the stress-
rupture behavior indicates a time-dependent effect at 20000F
rather than an effect which 1is singularly temperature dependent.

WADC TR 54-173 Part 1 28

-




-

That this etrrect may depend upoun oxidation behavior is shown
by certaln fractures of stress-rupture specimens on which an
oxidation tint appears in a roughly triangular pattern with

one apex at or near the rod axis. This pattern could result
from cruck propogaticn where the crack originates at the
surface, deepens toward the center of the rod, and enlarzes
circumferentially. This observation is not confined to 2000°F
tests, but also applies tc specimens that failed at 1800°F.

It may be that the sharp difference in 2000°F stress-rupture
behavior compared to 1800°F behavior is due to stress-corrosion
of an oxidation type, and this may be the mechanism of specimen
failure in all cases,

As reported earlier in a progress rzport submitted under i
this contract, one rod spec.men (number 2) displayed a true ‘
strain at the minimu.: section of the neck of 0.024. This oc- ,
curred during 942 hours in the test at 1800°F and 18,000 psi.

Although this manifestation of plastic deformztion was not
confirmed as a result of checking all other specimens tested

in stress rupture, there is nevertheless coasiderable confidence
in this single result because it is based on initial diameter
measurements before the initial test and before the reload test:
these were identical. The final diameter measurements were
carefully checked, and a diameter decrease of 0.003 inch was
determined. The same micrometer was used in meking all measure-
ments. This results in the rerorted true straia of 0.024 at the
minimum section. Although this observation could result from
error, it is preseatly interpreted as a unique behavior for
which no ready explanation exists,

The average modulus of elasticity for A-355.¢-G has been
determined as 45 x 109, That previously determined for
A~16.14-G is 47 x 100, and this is associated with a higher
volume content of a metal of presumably lower modulus of
elasticity. Stated differently, 80Cr-20Mo would be expected
to have a modulus of elasticitg higher than that of pure Cr,
which is approximately 35 x 10°, From these facts it is
appareat that in this composition range the hard phase places
considerable restriction on the manner in which the metal can
be strained in an elastic way. This is contrasted to other
two phase mixtures, in which the hard phase is discontinous
in the form of discrete particles and is present in smaller
amounts, so that the modulus of elasticity of the composite
is practically the same as that ot the matrix phase. It is
also apparent that the elastic behavior of alumina base cermets
is insensitive to the amount of metal present ia this composition
range, and also to minor changes in the modulus of elasticity
of the metal phase, otherwise A-355.6-G, should have a slightly
higher modulus of elasticity than A-16.14-G instead of a
slightly lower one. Alternatively, if this ranze of values
is considered to be within tiat of experimental error, it fol-
lows that the modulus of elasticity is not notably effected
by the difference of 8% by volume of metal or by the difference
in character of Cr and an 80Cr-20Mo solid solution alloy.
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Modifications

Modifications of the A-355.6-G body were studied for the
purpose of gaining insight into possible ways of improving
mechanical properties. In those brief studies only modulus
of rupture was consistently evaluated. Impact resistance
level was determined in certein instances by the crude method
of dropping or throwing bar specimens on to a concrete floor.

The AT-355.6-G bar specimens and the AZ-355.6-G bar
specimens are A-355.6-G plus 1 percent TiO2 and 1 percent
Zr0p respectively. 1In an initisl sintering coperation these
specimens were overfired. In the second firing for which
data are given, there was no significant difference between
the specimens of the modified composition and those of
A-355.6-G fired at the same time for comparison. In view ,
of the brevity of the study, the question of whether improved
mechanical properties are attainable through such additions
is considered undertermined.

To study the effect of phase proportions on mechanical
properties, compositions of alumina and various amounts of
80Cr-20Mo0 alloy were prepared. It was thought desirabdble to
use a very fine alumina in the batch in order tc insure a
good distridbution of this phase in those bodles containing
alumina in small quantities., Thererore, celcined alurinum
hydrate was employed. Compositions varied from 50% to 95%
80Cr-20NMo alloy by volume and are designated as "AC" series
specimens ipn the PROFERTY ZVALUATION section of thics report.
All specimens (including 100 percent 80Cr-20Mo alloy) in the
series are sufficiently brittle at room teaperature to be
broken by throwing flat on a concrete floor. However, in
modulus of rupture testing at 20000F, plastic deformation
precedes fracture in those specimens containing 85% or more
metal. This was observed during test and is further indicated
by the fact thet high-metal specimens appear to be stronger
at 2000°F than at room temperature. As indicated above, no
outstanding improvenent in impact resistance resulted from
the study, because a certain impact sensitivity is character-
istic of the metal component.

Thermal Properties

The thermal shock resistance of A-355.6-G is excellent,
as indicated by the consistent ability of nozzle diaphragm
blades to withstand cycling in the WADC Power Plant Labora-
tory test oggrated at 1900YF, Of the eight blade specimens
made from this composition, seven were submitted for test.
From this group, four specimens withstood 1000 cycles or more,
one withstood 990, one failed at 250 cycles for undetermined
reasons, and one failed at 120 cycles, apvarently because of
an unusually poor structure (Figure 13). If this last specimen
is eliminated because of its poor structure, five out »nf six
sgecimens withstood approximately 1000 cycles (one withstood
990, another 1020) from 1900°F. Inherent merit of the compo-
sition is further indicated by the fact that these were the
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initiel specimens of this type fabricated from the A-355.6-G
body, and all of the blades were solld except one.

The data on thermal shock behavior of A-16.14-G in the
form of flame-holders, obtained by the National Bureau of
Standards, Refractories Section, indicate excellent thermal
shock performance, although previous results of nozzle dlaphragm
blade testingl had placed this composition in a marginal
category. Present data should be considered as supplementary
to the earlier information.

The thermal expansion of A-355.6-G was found to be less
than that measured for Al,05; between 1300°F and room temperature.
This tIpe of behavior has bgen noted previously for Cr-A1203
bodiest, but was discounted in terms of possibdle effects of
milling impurity pick-up and the previously unknown effect
attributable to dissolved Cr,03 on thermal expansion of AlgOg.
This latter possible effect is now known to be negligibie with
regard to the order of magnitude by which the thermal expansion
of the cermet differs from the average thermal expansiou of
the phases Al,;03 and 80Cr-20Mo. The depression in thermal
expansion 1s al8oc much greater than that which could be ascribed
to milling impurities. Tungsten 1is the only impurity which
could lower the thermal expansion of the metal phase, and it
is not reasonable to expect 2-3 ¥ W (by weight) to have a
greater effect than 20% Mo (by weight), and the effect of this
proportion of Mo can be seen to be small by comparing curves
1 and 2 in Figure 8. Therefore, the depression effect is real,
but previous tentative explanations are inadequate.

The correct explanation for this behavior is believed
to be as follows:

(1) The alloy has the greater thermal expansion and
therefore tends to coptract more than A1203 upon cooling the
cermet from the maturing temperature.

(2) At room temperature the metal resides in triaxial
tension, the Al1503 in triaxiel compression. To visualize
this imagine a sphere of relatively high-expanding metal
perfectly bonded to a rather thick surrounding spherical
shell of relatively low-expanding A1203. Further imagine
a stress-free state at some elevated témperature. If the
assembly is cooled the metal becomes stressed in triaxial
tension, the A120 shell in tangentiel biaxial compression
plus decreasing tgnsion radially frem the interface outward
toward the surface. If the plcture is reversed and an Al0
sphere is surrounded by a thick metal shell, stress-free at
an elevated temperature, and this is cooled, it is seen that
the Al%O— is placed under triaxial compressive stress and
the me af in biexial tensile stress tangentially plus de-
creasing ccmpressive stress from the interface to the surface.
The cermet body at least avproximates a mixture of such
spheres in which the metal is predominantly in triaxial ten-
sile stress while the alumina is predominstely in triaxial
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compression.

(3) The effect of reheating the cermet in which the
phases are under stress is to relax the stresses between the
phases, in addition to producing thermal length change. If,
for example, an elastic elongation of 0.001 inch is placed
in a specimen by a fixed holding device, the specimen will
not expand until it has undergone a temperature change which
will produce 0.001 inch of thermal length change. Lf the
holding device also expands with increasing temperature, but
at a slower rate than the specimen, the effect will be to
require a greater temperature interval to produce a stress-
free condition, or a condition of stress reversal in the
holder-specimen assembly.

Consideration of the stressed condition in which the body
is believed to reside at room temperature, in the manner out-
lined above, explains the thermal expansion behavior observed.
It also is consistent with the modulus of elasticity measure-
ments, which could not be at the high level observed 1if the
two phases were not intimately bonded into an association
which makes each phase effective in transmitting a stress to
the other,

The rate of oxidation of A-355.6-G at 2000°F is comparative-
ly rapid for avproximately 50 hours, during which time an oxi-
dation weight gain of 2.5 to 2.8 mg/cm? occurs. This is fol-
lowed by a weight loss rangins between 0.5 mz/cm? and 1.0 mg/cm2
durinc the following 1000 hours at 2000°F. This represents a
slightly higher initial welght gain and a slightly faster rate
of weight loss than that which was observed for A-16.14-Gl. The
maximum gain in weight is acquired in less elapsed time with
A-355.6-G than with A-16.14-G. These results are to be expected
in a comparison between a cermet containing Cr and one contain-~
inz 80Cr-20Mo in approximately equivalent volume proportions.
However, the effect of the Mo is slight, and the oxidation
weight gain, oxidation weight loss, and the rates at which
these processes occur at 2000°F are only slightly higher for
the lio-bearinz cermet., There is no evidence of detrimental
oxidation effect (such as preferential oxidation) due to Mo
unless it is significant in éxplaining the mechanism of stress- '
rupture failure at 2000°F as tentatively sugrested above.

The thermal shock resistance of fleme holders composed
of A-16.14-G is somewhat better than that which might have
been anticipated on the_basis of performance of A-16.1,4-G as
nozzle diaphragm bladesl, A-355.6-G flame holders, now in
test, should prove to be still better. The flame holder
problem includes oxidation corrosion, attachment, and moderate
stress aspects, in addition to severe thermal shock. There-
fore, these oxide-base cermets may prove to be useful in its
solution, for they are adequate with regard to physical proper-
ties and lend themselves to simprle mounting procedures.
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CONCLUSIONS

1. Usefulness in high-stress service to 1800°F is indicated
for A-355.6-G by observed oxidation resistance, stress rupture
behavior, and thermal shock resistance.

2. Usefulness in moderate stress service to 2000°F and
higher is indicated for A-355.6-G by the same properties listed
above,

3. Consistently pore-free bodies can be sintered in the
A-355.6-G composition,

L. The density of 5.2 to 5.5 observed for A-355.6-G offers :
a weight advantage and a str._ss advantsge 1in centrifugally .
stressed parts, when compared to alloys. |

5. The practicabllity of fabricatineg a strong join betweeen
the A-355.6-G body and other oxide-base cermet compositions or
metals has been demonstrated.

6. The effect of ZrO, and TiO, additions to the A-355.6-G
body has not been demonstrated.

7. The effect on mechanical properties of varying the
proportions of 80Cr-20Mo alloy and Al303 in oxide base cermets
containing only these two phases 1s o%scured by the brittle
characteristics of the alloy.

€. The thermal expansion behavior of A-355.6-G indicates
that the metal and Al203 phases stress each other so as to
lower the thermal expansion below the average of the two phases
and velow that of the lower expanding phase over a range of
temperatures up to approximately 1300°F,

9. The physical properties of A-16.14-G aprnear to be

adequate for flame holder appnlications, and thc body lends
itself to relatively simple attachment practices,
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Fig. 1. Forming accessories and flame holders,
Left, steel core. Left center, plastisol casing.
Right center, green flame-holder. Right, fired
flame-holder.
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POROSITY AND MODULUS OF RUPTURE
VERSUS
FIRING TEMPERATURE

FOR COMPOSITION A-355.6-G
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TENSILE STRENGTH VERSUS TEST TEMPERATURE

FOR BODY A-3556-G
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OXIDATION OF BODY A-3556-G AT 2000 °F
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Fig. 10 Sound
number 195 at

structure in A-355.6-G. Specimen
200X. Black, alumina. White, alloy.

Fig. 11 Globuliferous structure in A-355.6-G
Specimen number 207X containing ball-milled

alloy at 200X.
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Fig. 12 Condition of segregation in A-355,6-G
rod specimen number 9 at 25X, Black, slumina.

White, alloy.

Fig. 13 Microstructure of A-355,6-G solid blade
number 4 at 25X. Poorest structure observed in
any A-355.6-G specimen. Black, alumina. White,

alloy.
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